phenotype was controlled by a single recessive nuclear gene. Map-based cloning showed that ES3(t) was located on chromosome 3 with a 35-kb physical interval in the BAC AC097624 which included eight putative open reading frames. Based on these findings, we have identified a novel leaf senescence mutant which is a useful resource for revealing the molecular mechanism of early leaf senescence in rice.
Introduction
Leaf senescence is a complex physiological process at the last stage of leaf development. It encompasses the phase from leaf maturation to death (L im and Nam 2005; Balazadeh et al. 2011) . During senescence, leaves release the mobilized nutrients and recycled them to other tissues or organs, such as seeds, storage organs, and developing leaves and flowers (Buchanan-Wollaston 1997; Thomas and Howarth 2000) . However, leaves are unable to conduct photosynthesis and anabolism during leaf senescence, and the catabolism of chlorophyll becomes the dominant event. L eaf yellowing is a conveniently visible indicator of leaf senescence and mainly reflects chloroplast degradation in mesophyll cells which is the first step in senescence-associated processing (Lim et al. 2007 ). Early leaf senescence is an undesirable agronomic trait which diminishes crop yield by reducing the crop growth cycle. During the reproductive development and grain filling stages, early leaf senescence is closely related to the poor performance of yield-related agronomic traits (Ray et al. 1983; Bai et al. 2015; Rao et al. 2015) . In contrast, appropriate timing of leaf senescence can panicle development in rice (Bai et al. 2015; Rao et al. 2015) . PSD128/OsCDC48 encodes a putative AAA-type ATPase and is responsible for the premature senescence and death phenotype in rice. The research showed that the point mutation in PSD128/OsCDC48 made the chloroplast development impaired with significantly reduced photosynthetic ability, chlorophyll contents, root vigor, soluble protein content and increased malonaldehyde content, indicating chloroplast development and malonaldehyde content play a role in rice premature senescence . OsPLS1 encoding the subunit A1 of vacuolar H + -ATPase plays a causal role in premature leaf senescence through combining with ROS and salicylic acid signals (Yang et al. 2016 ).
In the current study, a novel leaf senescence mutant, early senescence 3 (es3(t)), was identified in rice (Oryza sativa L.). The decrease in chlorophyll contents, down-regulation of photosynthesis-associated genes and abnormal chloroplast may be responsible for the light 1000-grains weight and low seed setting rate of es3(t) mutant. The senescenceassociated transcription factors and senescence-associated genes (SAGs) were up-regulated in es3(t) plants, implying that early leaf senescence occurs in es3(t) plants. The senescence-associated physiological indicators, such as endogenous ABA content and ROS signals were increased or accumulated in es3(t) plants, indicating that the ABA and ROSs probably play an important role in early leaf senescence in es3(t) mutant. A crucial link among ABA, ROSs and leaf senescence has yet to be discovered via genetic and molecular analyses in the further.
Materials and methods

Plant materials and growth conditions
The es3(t) mutant was derived from an M 2 population of the japonica rice cultivar Wuyunjing 7 (WYJ7) after EMS mutagenesis. The es3(t) mutant and progenies all exhibited early leaf senescence which were stably inherited over multiple generations. The japonica cultivars WYJ7, Zhonghua 11 (ZH11) and Nipponbare (NIP) and the indica cultivars Nanjing 06 (NJ06) and 93 − 11 were used for segregating population construction. All plants were grown in the paddy fields of the China National Rice Research Institute (CNRRI) at Fuyang, Zhejiang Province, China and Lingshui, Hainan Province, China.
Pigment content measurement
The leaves (0.2 g fresh weight) from wild-type WYJ7 plant and es3(t) mutant at different growth periods, DAG15, DAG30, DAG45, DAG60, DAG75, DAG90, DAG105 (DAG, day after germination) were cut into segment, maintain a high photosynthetic capacity and increases crop yield (Gentinetta et al. 1986; Thomas and Howarth 2000) .
Leaf senescence is affected by the complex interactions between endogenous signals and environmental factors (Lim et al. 2007; Robert-Seilaniantz et al. 2011; Zhang and Zhou 2013) . Abscisic acid (ABA) is a typical plant hormone with a variety of functions in stomatal aperture, seed germination and dormancy, biotic and abiotic stresses, and leaf senescence (Finkelstein and Rock 2002; Hirayama and Shinozaki 2007) . The increase of endogenous ABA has been shown to coincide with leaf senescence (Gepstein and Thimann 1980; Yang et al. 2002) . Generation of reactive oxygen species (ROSs) is one of the earliest responses of plant cells to abiotic stresses and senescence (Herrera-Vásquez et al. 2015) . It has been demonstrated that ROS signals, especially H 2 O 2 , are involved in ABA-induced senescence of rice leaves (Hung and Kao 2004) . Exogenous ABA (Biswas and Choudhuri 1980; Ray et al. 1983; Hung and Kao 2004) or H 2 O 2 (L i et al. 2015) can accelerate the senescence of detached leaves. In addition, both ABA and ROS signalings are known to induce the expression of senescence-associated transcription factors (Zhang and Zhou 2013; Zhou et al. 2013; Wang et al. 2015) which are considered to be related to the regulation of leaf senescence.
In previous reports, several mutants with relevant phenotype affecting senescence have been mapped in rice. The lmes1 mutant exhibits spontaneous disease-like lesions in the absence of pathogen attack at the beginning of tillering stage. Malondialdehyde (MDA) was significantly increased but chlorophyll content, soluble protein content and photosynthetic rate were decreased at the booting stage, which are indicative of an early senescence phenotype. And the LMES1 gene was finally mapped to an 88-kb region with 15 ORFs (Li et al. 2014) . A recessive mutation in SMS1 on chromosome 8 causes both early senescence and male sterility in rice (Yan et al. 2010) . The above two genes have not yet been cloned, while some senescence-associated loci have been cloned and regulated leaf senescence through a different pathway in rice. For example, the nuclear-localized CCCH-type zinc finger protein, OsDOS, is involved in delaying leaf senescence by integrating developmental cues to the jasmonic acid pathway in rice (Kong et al. 2006) . The OsPSE1 may regulate premature senescence by a novel pectate lyase-mediated mechanism in rice (Wu et al. 2013) . RLS1 encodes a previously uncharacterized nucleotide-binding site (NBS) containing protein with an armadillo (ARM) domain at its carboxyl terminus, and regulates rice leaf senescence through affecting chloroplast degradation (Jiao et al. 2012) . Rao et al. found that the mutation of the gene encoding SCAR-like protein2 could cause drought stress and induce early senescence (Rao et al. 2015) . SCAR-like protein2 is a suppressor of cAMP receptor-like protein involved in actin polymerization and absolute ethanol. The specimens were photographed by HD Scanner.
ABA measurement
The flag leaves from wild-type WYJ7 plant and es3(t) mutant were respectively collected at DAG15 (before leaf senescence), DAG60 (senescing) and DAG105 (after leaf senescence), then immediately frozen in liquid nitrogen, and stored at −78 °C in a ultra-cold storage freezer. Powdered specimens(100 mg fresh weight) were weighed, freezedried for 3 h, and extracted with MilliQ water at 4 °C in dark for 16 h. Quantitative analysis of ABA was performed using the Phytodetek ABA ELISA Kit (Agdia, Inc, Elkhart, IN) according to the manufacturer's instructions (Agrawal et al. 2001) .
Lipid peroxidation and ROS-scavenging enzyme assays
Flag leaves (0.2 g fresh weight) from the wild-type WYJ7 plant and es3(t) mutant were respectively collected at DAG15 (before leaf senescence), DAG60 (senescing) and DAG105 (after leaf senescence), and then immediately frozen in liquid nitrogen. A total of 100 μl crude extract was mixed with 0.5 % (w/v) thiobarbituric acid (TBA). The mixture was then incubated at 100 °C for 15 min and centrifuged at 4 °C for 10 min. The prepared supernatants were used for measuring MDA content. The absorbance values of the supernatants were measured at 532 nm (adjust zero by distilled water) light. The MDA amounts of specimens were determined by interpolation from the standard curve . The powdered flag leaves were homogenized with 1 ml extraction buffer (0.1 M potassium phosphate (pH = 7.0), 1 mM EDTA, 1 % PVP (w/v), 0.1 % (v/v) Triton X-10, 1 mM PMSF) and centrifuged at 4 °C for 15 min. The prepared supernatants were used for determining superoxide dismutase (SOD) and catalase (CAT) activities which were measured respectively by a SOD analysis kit and CAT analysis kit, according to the instruction manuals (Nanjing Jiancheng Bioengineering Institute, China). The statistical analysis of the MDA, SOD and CAT contents is based on three biological replicates.
Genetic analysis and fine mapping
To determine whether a single recessive gene controls the es3(t) phenotype, the reciprocal crosses between es3(t) and the japonica cultivars NIP, WYJ7 or ZH11 were conducted. The F 2 segregation populations were used for the χ 2 test. For fine mapping, the F 2 segregation populations derived from the crosses between es3(t) mutant and the indica cultivars NJ06 or 93 − 11 were constructed to identify the mutated gene in es3(t) mutants. The parents and 5,013 F 2 immersed in 10 ml 80 % acetone, and incubated at 26 °C in dark for 24 h. The optical density of sample solutions was measured by an ultraviolet spectrophotometer (DU800, BECKMAN, USA) at 662 nm (the maximum absorption peak of chlorophyll a), 645 nm (the maximum absorption peak of chlorophyll b) and 470 nm (the maximum absorption peak of carotenoid) light. Each sample was measured by three biological repeats. The contents of chlorophyll (Chl a and Chl b) and carotenoid (Car) in each leaf sample was calculated as follows (Arnon 1949): where V is the volume of extraction solution (25 mL); W is the mass of rice leaf blade.
Transmission electron microscopy analysis of chloroplast ultrastructure
The middle part of flag leaves from wild-type plant (WYJ7) and es3(t) mutant at the filling stage were cut into small pieces, fixed with a phosphate buffer containing 2.5 % glutaraldehyde (pH 7.2) and vacuumed by a vacuum pumping machine for approximately 20-30 min until the specimens were immersed. The samples were then kept at 4 °C for 4 h. After fixation, they were rinsed with 0.1 M phosphate buffer (pH 7.0) and further fixed by 1 % osmium tetroxide for at least 1 h. The specimens were then dehydrated with a gradient of ethanol, embedded in small boxes and stained with lead citrate solution. The processed specimens were examined and photographed using a transmission electron microscope (Hitachi H-7650, Tokyo, Japan) (Gothandam et al. 2005; Rao et al. 2015) .
Nitro blue tetrazolium (NBT) and 3,3′-diaminobenzidine (DAB) staining
Hydrogen peroxide and superoxide radicals were detected respectively using NBT and DAB according to L i et al. (2010) and Wi et al. (2010) , with some modifications. Specifically, flag leaves from wild-type WYJ7 plant and es3(t) mutant at DAG105 of the filling stage were incubated in 0.05 % (w/v) NBT (Duchefa) or 0.1 % (w/v) DAB (pH 5.8, Sigma) with gentle shaking at 28 °C in dark for 12 h. The staining solution was then discarded. The chlorophyll of flag leaves was cleared by treating with 80 % (v/v) ethanol in boiling water for 10 min and then transferred to
Statistical analysis
All results are expressed as mean values ± standard deviation (SD) based on three biological replicates. Statistical significance was assessed using Student's unpaired t-test. Probability values of less than 5 % were considered to be statistically significant, single asterisk (*) and double asterisk (**) represents the significant at the level of 5 and 1 %, respectively. The statistical analysis of the gene relative expression levels, physiological traits and agronomic traits in this study all follow the methods described above.
Results
Phenotypic analysis of es3(t) mutant
L eaf yellowing is a visible indicator of leaf senescence. There was no difference in leaf color between wild-type WYJ plant and es3(t) mutant at DAG15 before senescence (Fig. 1a) . Leaf yellowing firstly appeared at DAG25 of the seedling stage and gradually became much severe along with the growth process in es3(t) (Fig. 1a) . The phenotype in es3(t) mutant was most severe at DAG102 of the filling stage until harvest (Fig. 1a, b ), which resulted in the defect of filling and the shrinkage of grain at the ripening stage (Fig. 1c) . In addition to the obvious leaf yellowing phenotype, the es3(t) mutant exhibited a significant difference in yield-related agronomic traits, including plant height, tiller number, panicle length, 1000-grain weight and seed setting rate compared with the wild-type plant WYJ7 ( Fig. 1d-h ). The plant height of es3(t) was 62 ± 1.51 cm, which was 30.5 % shorter than that of the WYJ7 plant (80.9 ± 1.2 cm) ( Fig. 1d) . The tiller number of es3(t) was 4.25 ± 0.5, which was much fewer than that of WYJ7 (11 ± 1.8) (Fig. 1e) . The panicle length of es3(t) was 10.1 ± 0.9 cm, which was shorter than that of WYJ7 (15.3 ± 0.3 cm) (Fig. 1f) . The 1000-grain weight of es3(t) was 19.5 ± 0.5 g, which was lighter than that of WYJ7 (27.5 ± 0.4 g) (Fig. 1g) . The seed setting rate of es3(t) was 9.7 ± 2.1 %, which was lower than that of WYJ7 (93.1 ± 2.7 %) (Fig. 1h ). These observations indicate that the ES3(t) mutation affects plant height, tiller number, panicle length and seed setting rate besides leaf senescence.
Genetic analysis of ES3(t)
To determine whether the es3(t) phenotype is controlled by a single recessive nuclear gene, we performed a genetic analysis of the reciprocal crosses between es3(t) and the japonica cultivars WYJ7, ZH11 or NIP. All F 1 plants were as normal as wild-type WYJ7. In all three F 2 segregation populations, the phenotypes of the wild-type WYJ7 plant and individuals were planted in the paddy field. Among them, 728 individuals with the mutant phenotype were used to map the ES3(t). PCR genotyping was carried out using a DNA bulk-pool from 42 es3(t)/NJ06 F 2 individuals with the mutant phenotype, and a total of 118 SSR and sequence tagged site (STS) markers scattering among all rice chromosomes were used to determine the approximate map position of the ES3(t) locus according to Temnykh et al. (2000) and McCouch et al. (2002) .
DNA extraction and molecular marker analysis
Total genomic DNA was extracted from fresh leaves using the cetyltrimethylammonium bromide-based method with minor modifications. For gene mapping, PCR-based CAPS and InDel markers were developed based on the sequence differences between the japonica rice variety Nipponbare and the indica variety 9311 (http://www.gramene.org/ resources/). The primer sequences of the molecular markers are listed in Supplemental Table 2 . The primers flanking the InDel polymorphisms were designed using the Primer Premier 5.0 software and tested on the parent varieties by agarose gel electrophoresis.
RNA extraction and quantitative real-time PCR (qRT-PCR) analysis
Total RNA was extracted from the flag leaves of the wildtype WYJ7 plant and es3(t) mutant using a Total RNA Extraction Kit (Axygen, cat No, AP-MN-MS-RNA-250). Total RNA was treated with an RNase-free DNase (Promega; http://www.promega.com) and then used for complementary DNA synthesis using the ReverTra Ace qPCR-RT Kit (TOYOBA, Japan) as described by the manufacturer. Real-time PCR was performed using 2 × SYBR Green PCR Master Mix (Applied Biosystems) on the Applied Biosystems 7900HT Real-Time PCR System with three biological replicates per sample. The PCR conditions were 2 min at 50 °C, then 10 min at 95 °C, followed by 40 cycles of 15 s at 95 °C and 1 min at 60 °C. The relative expression level of each transcript was compared with that of Actin1 which was selected as the internal standard for all leaf samples. The photosynthesis-associated genes (rbcL, rbcS , psaA, psbA, CAB1R, CAB2R, HEMA1, PORA and CAO) (Song et al. 2014; Tan et al. 2014) , senescence-associated transcription factors (OsWRKY23, OsWRKY72 and OsNAC2), senescence-associated genes (Osl2, Osl30, Osl43, Osl57, Osl85, Osh36 and Osh69) , and ABA synthesis-related genes (OsNCED1, OsNCED2, OsNCED3, OsNCED4, OsNCED5) (Zhu et al. 2009 ) were analyzed in wild-type plant (WYJ7) and es3(t) mutant.The specific primers used for the quantification of these genes are listed in Supplemental Table 3. primers were subsequently used to screen 728 individual genotypes, and we further delimited the ES3(t) locus to an interval of 35-kb DNA region between the STS markers HK17-23 and HK17-30 on the bacterial artificial clone AC097624 (BAC1) (Fig. 2b, c) . Finally, we obtained eight putative open reading frames according to the genomic annotation database RAP-DB (http://rapdb.dna.affrc. go.jp/): L OC_Os03g01140 encoding a Ecyl-activating enzyme 11, L OC_Os03g01150 encoding a Palmitoyl-protein thioesterase 1 precursor, L OC_Os03g01160 encoding a protein kinase family protein, L OC_Os03g01170 encoding a transporter family protein, L OC_Os03g01180 encoding phosphoglycerate mutase (a conserved glycolytic enzyme which has been found in the nucleoli of cancer cells), L OC_Os03g01190 encoding a dehydrogenase, LOC_Os03g01200 encoding a protein containing the SNF2 family N-terminal domain (may be involved in ATP binding), and L OC_Os03g01210 encoding an uncharacterized Cys-rich domain (Fig. 2d, e) .
es3(t) mutant segregated at a ratio of 3:1 (χ 2 < χ 2 0.05 = 3.84; P > 0.05; see Supplemental Table 1 ), which suggests that the phenotype of es3(t) is controlled by a single recessive nuclear gene.
Fine mapping of ES3(t)
Bulked segregant analysis (BSA) was used to produce a primary map of ES3(t). PCR genotyping was carried out using a bulk DNA pool from 42 es3(t)/NJ06 F 2 individuals with the mutant phenotype, and 118 SSR and STS markers scattering on all of the rice chromosomes were used to determine the approximate map position of ES 3(t). ES 3(t) was primarily located on chromosome 3, closely linked to M3-1 with a genetic distance of 1.6 cM (Fig. 2a) . To further fine map ES3(t), we designed some new STS and InDel markers next to M3-1 based on the sequence difference between the japonica rice variety Nipponbare and the indica variety 9311 (http://www.gramene.org/resources/). Polymorphism in the senescence leaves of es3(t), but no such signal was detected in the leaves of the wild-type WYJ7 plant (Fig. 3b) . These results suggest that ROS is accumulated in the senescence leaves of es3(t) plant.
L ipid peroxidation by ROS was detected by measuring the content of MDA, an end-product of oxidized lipids. Before leaf senescence at DAG15, there was no difference in leaf MDA contents between es3(t) mutant and the wildtype WYJ7 plant. The MDA content was 88.2 ± 6.3 nmol g −1 FW in es3(t) senescing flag leaves (DAG60), which was significantly higher than that of WYJ7 (47.8 ± 4.9 nmol g −1 FW). After leaf senescence at DAG105, the MDA content was 146.2 ± 8.0 nmol g −1 FW in the leaves of es3(t) mutant plants and was also much higher than that of WYJ7 (92.4 ± 5.6 nmol g −1 FW) (Fig. 3c) . These results
ROS and MDA accumulation were accompanied by the increased SOD activity and decreased CAT activity in es3(t) mutant
ROS generation is one of the earliest responses of plant cells during senescence (Khanna-Chopra 2012). To identify whether ROS accumulates in es3(t) plant leaves at the filling stage after senescence, we carried out the NBT staining and DAB staining. The NBT staining pattern showed the formation of blue formazan precipitates and indicates O 2 − accumulation. The DAB staining pattern indicates H 2 O 2 accumulation . Blue formazan precipitates of NBT staining could be observed in the leaves of es3(t), whereas the staining was minimal in the tip of wild-type leaves (Fig. 3a) . The brown staining of DAB was observed and there was a significant difference in CAT activity between es3(t) and wild-type leaves. After leaf senescence at DAG105, the activity of CAT was 22.4 ± 1.9 U g −1 FW in es3(t) leaves compared with that of WYJ7 (45.9 ± 3.9 U g −1 FW) (Fig. 3e) . The increase in SOD activity indicates that the es3(t) mutant may actively respond to O 2 − accumulation and produce more H 2 O 2 , but the decrease in CAT activity may not be enough to scavenge the additional H 2 O 2 , leading to H 2 O 2 accumulation in leaves and early senescence in es3(t) mutant.
Analysis of chlorophyll contents, relative expression of photosynthesis-related genes and chloroplast ultrastructure in the wild-type WYJ7 plant and es3(t) mutant
The early senescence plants which usual display yellowing might have affected photosynthesis and chlorophyll contents. To identify whether chlorophyll contents are changed in es3(t) mutant, we analyzed the chlorophyll contents in es3(t) mutant and wild-type WYJ7 plant. Kinetic analysis showed that the concentrations of chlorophyll a (Chl a), chlorophyll b (Chl b) and carotenoid in es3(t) leaves were demonstrate that lipid peroxidation is significant in es3(t) mutant, which provides further evidence to reveal that ROS is accumulated in es3(t) mutant.
During oxidative stress, plants synthesize some antioxidative enzymes, such as SOD and CAT, to remove ROS (Miller et al. 2010) . SOD catalyzes the dismutation of O 2 − to produce H 2 O 2 , and CAT is the primary H 2 O 2 -scavenging enzyme. To investigate the ROS metabolic process in es3(t) plants, we detected the activities of SOD and CAT in different growth periods. There is no difference in SOD activities between es3(t) mutant and the wild-type WYJ7 plant at DAG15 before leaf senescence. The activity of SOD was 1029.1 ± 44.1 U g −1 FW in es3(t) senescing flag leaves at DAG60, which was much higher than that of WYJ7 (532.1 ± 58 U g −1 FW). We also obtained the result after leaf senescence at DAG105, with the activity of SOD of 1323.9 ± 81.6 U g −1 FW in es3(t) leaves compared with that of WYJ7 (889.6 ± 46.2 U g −1 FW) (Fig. 3d) . Before leaf senescence at DAG15, there is no difference in CAT activity between es3(t) mutant and WYJ7. The activity of CAT was 26.2 ± 3.2 and 34.3 ± 2.1 U g −1 FW in es3(t) senescing flag leaves and the wild-type WYJ7 flag leaves at DAG60, respectively, leaves of es3(t) mutant, the ultrastructures of chloroplast were compared between es3(t) and WYJ7 at the filling stage using the transmission electron microscopy. We found that chloroplast structure was abnormal in es3(t) mutant compared with that of WYJ7 (Fig. 4f, g ). In WYJ7 leaves, well-developed mesophyll cells were observed with tightly stacking lamellae in the grana of fully developed chloroplast (Fig. 4f) . However, the grana lamellae stacking was absent, and the arrangement of undegraded grana was disordered in es3(t) chloroplast (Fig. 4g) . These results indicate that the abnormal chloroplast is associated with leaf senescence. The decrease in chlorophyll contents, down-regulation of photosynthesis-associated genes and abnormal chloroplast may be responsible for the light 1000-grains weight and low seed setting rate of es3(t) mutant.
decreased compared with those in WYJ7 at DAG30, 45, 60, 75, 90 and 105 (Fig. 4a-c) .
L eaf senescence was accompanied by the decreased expression of genes related to photosynthesis (L im et al. 2007 ). The expression levels of photosynthesis-associated genes (rbcL, rbcS, psaA, psbA, CAB1R, CAB2R, HEMA1, PORA and CAO) were examined in es3(t) mutant and WYJ7. The expression levels of these genes were significantly decreased in es3(t) mutant at both seedling and filling stages (Fig. 4d, e) . Down-regulation of these photosynthesis-associated genes can also provide molecular evidence for early leaf senescence in es3(t) plants.
The main cellular characteristic of leaf senescence is chloroplast degradation (Lim et al. 2007; Jiao et al. 2012) . To explore whether chloroplast is affected in the senescing Fig. 4 Analysis of chlorophyll content, relative expression of photosynthesis-related genes and chloroplast ultrastructural between wildtype WYJ7 plant and es3(t) mutant. a-c Kinetic analysis of chlorophyll a content (a), chlorophyll b content (b) and carotenoid content (c). DAG, day after germination. d, e Relative expression of photosynthesis-related genes in the flag leaves of wild-type WYJ7 plant and es3(t) mutant at the seedling (d) and filling stage (e). The expression levels are relative to Actin1 mRNA. f, g Comparison of chloroplast morphology and structure between wild-type WYJ7 plant(f) and es3(t) mutant(g) by ultrastructural analysis at the filling stage. C chloroplast, N nucleus, M mitochondrionm, G grana, CW cell wall. Data represent the mean ± SD of three biological replicates (Student's t-test: *P < 0.05, **P < 0.01) ABA content and relative expressions of ABA synthesisrelated genes in wild-type plant WYJ7 plant and es3(t) mutant Previous studies indicate that ABA plays a critical role in leaf senescence (Hirayama and Shinozaki 2007; Lim et al. 2007) . To identify whether the leaf senescence in es3(t) mutant is affected by ABA, we measured the ABA content at DAG15 before leaf senescence, and there was no difference in ABA contents between es3(t) and WYJ7. The content of ABA was 48.2 ± 3.6 ng g −1 FW in es3(t) senescing flag leaves at DAG60, which which was much higher than that of WYJ7 (12.9 ± 1.7 ng g −1 FW) (Fig. 6a) . At DAG105 after leaf senescence, the content of ABA was 46.7 ± 4.7 ng g −1 FW in es3(t), which was significantly higher than that in WYJ7 (12 ± 3 ng g −1 FW) (Fig. 6a) . In addition, the expression levels of ABA synthesis-related genes were increased in es3(t) leaves compared with those in WYJ7 leaves (Fig. 6b) . These results indicate that ABA is accumulated in es3(t) plants, which probably contributes to leaf senescence in es3(t) mutant.
Discussion
The es3(t) is a premature leaf senescence mutant Leaf senescence is the final stage of leaf development and critical for plants' fitness because nutrient relocation from leaves to reproducing seeds is achieved through this process Identification of leaf senescence in es3(t) at the molecular level by qRT-PCR L eaf senescence is a complicated growth and development process which is regulated by lots of genes. Previous reports indicate that the up-regulation of some transcription factors can induce leaf senescence . To clarify whether the leaf senescence phenotype in es3(t) mutant was affected by senescence-associated transcription factors OsWRKY23, OsWRKY72 and OsNAC2, we performed a qRT-PCR analysis of the expression levels of these transcription factors in es3(t) mutant. The expression levels of OsWRKY23, OsWRKY72 and OsNAC2 in es3(t) leaves were increased compared with those in WYJ7 leaves at both DAG30 of the seedling stage and DAG90 of the filling stage (Fig. 5a, b) . These results indicate that the expression levels of senescence-associated transcription factors were consistent with the leaf senescence in es3(t) mutant.
We also detected the expression levels of other SAGs (Osl2, Osl30, Osl43, Osl57, Osl85, Osh36 and Osh69) using qRT-PCR. At DAG30 of the seedling stage, the mRNA of Osl2, Osl30, Osl43, Osl57, Osl85, Osh36 and Osh69 in es3(t) leaves was 1.7-, 2.2-, 22.1-, 2.1-, 14.0-,1.5-and 4.0-fold higher than those in WYJ7 leaves respectively (Fig. 5c) . At DAG90 of the filling stage, their expression levels in es3(t) leaves were 3.0-, 4.4-, 15.3-, 2.9-, 18.2-, 2.3-and 7.7-fold higher than those in WYJ7 leaves, respectively (Fig. 5d) . The up-regulated expression levels of SAGs further prove that early leaf senescence occurs in es3(t) plants. Relative expression of SAGs. Flag leaf samples of wild-type WYJ7 plant and es3(t) mutant were analyzed at the seedling (DAG30) and filling stage (DAG90). The expression levels are relative to Actin1 mRNA. Data represent the mean ± SD of three biological replicates (Student's t-test: *P < 0.05, **P < 0.01)
The decreased chlorophyll content and abnormal chloroplast might further influence the photosynthesis in es3(t) mutant (Fig. 4d, e) , which was accompanied with the downregulation of photosynthesis-related genes. At the molecular level, leaf senescence is mediated by a large number of genes, such as the senescence-associated transcription factors (OsWRKYs, OsNAC2 and AtNAP), SAGs (Osl2, Osl30, Osl43, and Osl85 ) and the up-regulated genes during leaf senescence (L ee et al. 2001; Guo and Gan 2006; . Our results showed that the expression levels of OsWRKY23, OsWRKY72, and OsNAC2 were increased in es3(t) senescing leaves compared with those in wild-type leaves (Fig. 5a, b) . Besides, the expression levels of Osl2, Osl30, Osl43, Osl57, Osl85, Osh36 and Osh69 (SAGs) in es3(t) senescing leaves were significantly higher than those in wild type at both seedling and filling stages (Fig. 5c, d) . Therefore, the evidence in phenotypic, physiological, cellular, and molecular levels all suggest that early leaf senescence occurs in es3(t) plants.
ES3 mutation causes early leaf senescence phenotype through affecting ABA content and ROS accumulation
From the above results, we know that early leaf senescence occurs in es3(t) mutants, but we were still not clear what caused the early senescence phenotype. Senescence is an integrated response to endogenous developmental and external environmental signals in plants. Thus, some genes involved in the response to environmental changes may regulate leaf senescence (L im et al. 2007 ). Our current understanding of the relationship between environmental responses and leaf senescence is mainly based on the study of senescence response to phytohormones such as ABA, jasmonic acid, and salicylic acid which are extensively involved in the response to various stresses (Gepstein and Thimann 1980; Weaver et al. 1998; van der Graaff et al. 2006; Yang et al. 2016) . These stresses can affect the hormone synthesis and/or signaling pathways to trigger the expression of stress-responsive genes, which in turn appears to affect leaf senescence. ABA is a key plant hormone mediating plants' responses to environmental stresses. The previous study showed that ABA level was increased in senescing leaves (Biswas and Choudhuri 1980) , and exogenous ABA induced the expression of several SAGs (Gepstein and Thimann 1980; Weaver et al. 1998) , which is consistent with the early leaf senescence phenotypes in es3(t) mutant (Figs. 5c, d, 6a) . Actually, the expression levels of the genes encoding the key enzyme in ABA biosynthesis, 9-cisepoxycarotenoid dioxygenase (NECD), is increased along with the ABA level in senescing leaves (Buchanan-Wollaston et al. 2005; van der Graaff et al. 2006) . In this study, five ABA biosynthesis-related genes were up-regulated in es3(t) mutant (Fig. 6b) . All (L im et al. 2007 ). Therefore, early leaf senescence (especially in functional leaves) is an extremely unfavorable phenotype for rice growth and production because of its adverse effects on photosynthetic efficiency and yield formation . Isolation and characterization of mutants with altered senescence phenotype is a genetic approach to understand the molecular mechanism of leaf senescence. In this study, we identified a novel rice mutant, es3(t), with the early leaf senescence phenotype (Fig. 1 ). An obvious phenotypic change during leaf senescence is the gradual change of leaf color from green to yellow because of the loss of chlorophyll at the physiological level or chloroplast degradation at the cellular level (Lim et al. 2007; Jiao et al. 2012; Zhang and Zhou 2013) . Besides, the expressions of photosynthesis-related genes were usually decreased during leaf senescence (Lim et al. 2007 ). Our results revealed that the es3(t) mutant exhibited early leaf senescence with decreased chlorophyll (a and b) and carotenoid contents compared with WYJ7 ( Fig. 4a-c) . Transmission electron micrography showed that chloroplast structure was abnormal in es3(t) mutant compared with that of WYJ7 (Fig. 4f, g ).
Fig
. 6 ABA content and relative expression level of ABA synthesisrelated genes in wild-type WYJ7 plant and es3(t) mutant. a ABA content in wild-type WYJ7 and es3(t) leaves. Flag leaf samples were analyzed at DAG15 (BS, before senescence, at the seedling stage), DAG60 (S senescing, at the tillering stage) and DAG105 (AS after senescence, at the filling stage). FW fresh weight. b Relative expression level of ABA synthesis-related genes in the flag leaves of wildtype WYJ7 plant and es3(t) mutant at the DAG90 (senescing). The expression levels are relative to Actin1 mRNA. Data represent the mean ± SD of three biological replicates (Student's t-test: *P < 0.05, **P < 0.01) controlled by a single recessive nuclear gene. Map-based cloning reveals that the ES3(t) locus is delimited to an interval of 35-kb DNA region on chromosome 3, including eight ORFs. Physiological traits analysis suggest that the decrease in chlorophyll contents, down-regulation of photosynthesis-associated genes and abnormal chloroplast may be responsible for the light 1000-grains weight and low seed setting rate of es3(t) mutant. Moreover, the up-regulated expression levels of senescence-associated transcription factors and SAGs imply that early leaf senescence occurs in es3(t) mutant. Meanwhile, ABA and ROSs are accumulated in the senescence leaves of es3(t), indicating that ABA and ROSs probably contribute to early leaf senescence in es3(t) mutant.
these results support the role of ABA in early senescence in es3(t).
Previous reports showed that ABA induced the accumulation of H 2 O 2 in senescing rice leaves, which in turn accelerated leaf senescence (Hung and Kao 2004) . In the present study, ROSs, including O 2 − and H 2 O 2 , were accumulated in the senescing leaves of es3(t) mutant (Fig. 3a, b) . Meanwhile, ABA also induced the expression of antioxidant genes and enhanced the activities of antioxidative enzymes such as SOD and CAT (Hung and Kao 2003) . During oxidative stress, plants synthesize anti-oxidative enzymes, such as SOD and CAT, to remove ROSs (Miller et al. 2010; Pandey and Shukla 2015) . SOD catalyzes the dismutation of O 2 − to produce H 2 O 2 (Saleethong et al. 2016) , and CAT is the major H 2 O 2 -scavenging enzyme. The activity of SODs in es3(t) mutant was much higher than that of the wild-type plant WYJ7 at both DAG60 of the tillering and DAG105 of the filling stage (Fig. 3d) . Besides, there was no obvious difference in CAT activities between es3(t) and WYJ7 leaves at DAG15 before senescence, while the activity of CAT was decreased in es3(t) leaves compared with that of WYJ7 at both DAG60 of the tillering and DAG105 of the filling stage (Fig. 3e) . Therefore, we speculate that the increase in SOD activity may actively respond to O 2 − accumulation and produce more H 2 O 2 , but the decrease in CAT activity may not be enough to scavenge additional H 2 O 2 , which leads to H 2 O 2 accumulation in leaves and early senescence in es3(t) mutant. Another explanation indicates that senescence is accelerated by the increased ABA content and may cause the increase of H 2 O 2 , since it is well known that there is an increase of ROSs during leaf senescence. MDA content analysis demonstrated that lipid peroxidation occurred in es3(t) mutant, which provided further evidence that ROSs are accumulated in es3(t) mutant. Therefore, ROSs probably play an important role in early leaf senescence in es3(t) mutant.
Moreover, genetic evidence suggests that ROSs do not trigger senescence but act as a signal activating the genetically programmed gene expression pathways, which leads to regulated cell death events (Foyer and Noctor 2005) . ABA is also considered as an enhancer rather than a triggering factor for leaf senescence. Collectively, these results indicate that the ES3 mutation accelerates the leaf senescence process through combining with ROS and ABA signals. However, a crucial link among ABA, ROSs and leaf senescence has yet to be discovered via genetic and molecular analyses in the further.
Conclusion
The es3(t) mutant is characterized by early leaf senescence, decreased plant height, tiller number, panicle length and seed setting rate. Genetic analysis indicates that es3(t) is
